Street dust samples have been collected in different areas in Hong Kong associated with various levels of traffic and pedestrian flow, and the concentrations of 23 chemical elements have been determined using energy dispersive X-ray fluorescence (EDXRF). The 23 studied elements were Na, Al, Si, Cl, Ti, Ba, V, Cr, Mn, Fe, Co, K, Ca, Ni, Cu, Zn, As, Pb, Rb, Sr, Y, Zr and Sn. A profile for average street dust for Hong Kong has been determined by taking average values for different areas. The values for the Hong Kong street dust are commensurate with the values derived in previous investigations or for other countries, except that Hong Kong street dust has much higher Cl, Ca and As concentrations. A factor analysis gives four sources for the street dust in Hong Kong: namely, mixture of metallic dust and crustal material, vehicles, road pavement materials, and mixture of marine aerosols and crustal material. r
Introduction
The multi-element source profile for street dust for an area can be used to characterize the heavy metal contamination from atmospheric deposition and to help quantify the contribution from street dust to the air pollutants in an area through the chemical mass balance (CMB) method. Notwithstanding the identifications of high concentrations of anthropogenic aerosols in Hong Kong and the growing concern about the air pollution issue in Hong Kong in recent years, there are still controversies over the main air pollutant sources in various highly polluted areas. The CMB method is most appropriate for this kind of source apportionment, but the crucial step is the determination of the composition of material emitted by a variety of local air pollution sources (or source profiles).
Source profiles of air pollutants have been compiled and are widely used in source apportionment studies (e.g., see references in Watson et al., 2001) . Notwithstanding, source profiles for different air pollutant sources are still unavailable for Hong Kong. Unfortunately, as commented by Watson et al. (2001) , the profiles differ with respect to location and time, so the source profiles cannot be simply borrowed from studies elsewhere and the sources of air pollutants in Hong Kong cannot be identified through the CMB method. One of the major sources of outdoor air pollutants is the street dust. The present work is devoted to experimentally determining the source profiles of street dust in Hong Kong. Possible sources of street dust will also be identified.
Methodology

Sample collection and preparation
Street dust samples have been collected from eight selected places in Hong Kong, namely, Mong Kok, Tai Po, Causeway Bay, Central, Kowloon Tong, Tai Wai, Quarry Bay, and the car park of City University of Hong Kong. All the samples were collected in October and November 2001. Descriptions of these eight sites are given in Table 1 , and a map showing the locations of these sites is shown in Fig. 1 . The samples were collected using a plastic brush and tray. More than 3 g of street dust was collected from each site. After shipment back to the laboratory, these samples were individually dried to constant weight in an oven at about 601C (for more than 24 h).
The street dust samples were first sieved through an 86 mm mesh. The analyses were restricted to the size fraction below 100 mm since these particles can be transported by suspension, in contrary to the saltation for particles between 100 and 500 mm or creep for particles between 500 and 1000 mm (Schmel, 1980; Nicholson, 1988; de Miguel et al., 1997) . About 3 g of street dust was used for each sample. The dust was homogenized and then pressed into stable pellets using SpectroPress s Systems (Model no.: Automatic 50 ton PRESS, Chemplex Industries, Inc., USA) with die diameter of 32 mm and the following settings: force=30 ton, dwell time=3 min and bleed time= 4 min. Two replicate dust samples were prepared for each site except those for Mong Kok and Tai Po, which had three replicate samples.
Energy dispersive X-ray fluorescence
The elemental concentrations were determined using energy dispersive X-ray fluorescence (EDXRF). EDXRF provides a rapid and non-destructive method for the analysis of trace and major elements in street dust samples. All measurements were carried out under the vacuum condition, using an EDAX International DX-95 EDXRF spectrometer with a Mo target, equipped with a liquid-nitrogen-cooled Si(Li) detector. The incident and take-off angles were 451, with a Be window thickness of 12.5 mm. The distance between the sample (exposed diameter of 22 mm) and the detector was 4.5 cm. The energy resolution was 0.16 keV. We measured the concentrations of 23 chemical elements: namely, Na, Al, Si, Cl, Ti, Ba, V, Cr, Mn, Fe, Co, K, Ca, Ni, Cu, Zn, As, Pb, Rb, Sr, Y, Zr and Sn.
In order to maximize the EDXRF sensitivities for the wide range of elements in which we were interested, four different combinations of EDXRF parameters (including voltage and current) and X-ray filters were employed for different elements for each street dust sample, as shown in Table 2 . The EDXRF Ka line intensities were measured for all elements except Pb, for which the La line intensities were measured. For better efficiencies, the applied voltage increased in general with the required Ka or La line energies. The current was adjusted to maintain similar portions of live detection time. The Xray filters were used for particular line energies to reduce the relevant background intensities.
Calibration
Concentrations for the chemical elements are required in the present study, so extra calibration steps have to be taken to provide conversions of the EDXRF intensities into concentrations of the chemical elements. Soil reference materials, namely, GBW07403, GBW07404, GBW07406 and GBW07410, purchased from the Institute of Marine Geology, National Research Center for Certified Reference Materials, People's Republic of China, were employed as bases of our calibration sources. For some calibration sources, additional chemicals were added to cover the ranges encountered in our street dust samples. Nine chemicals were used, including KCl (99.995%, from Johnson Matthey, #87626), NaCl (99.999%, from Johnson Matthey, #6312904), CaCl 2 (95%, from Riedel-de Ha. en s , #12021), CaO (99.9995%, from Johnson Matthey, #20979), ZnO (99.999%, from ACROS, #AO11070001), Y 2 O 3 (99.99%, from Aldrich Chemical, #20516-8), ZrOCl 2 Á 8H 2 O (99.9985%, from Strem Chemicals, Inc., #40-2500), RbCl (99.8+%, from ACROS, #AC201260100), and SnCl 2 Á 2H 2 O (China National Chemicals Import & Export Corporation, Peking Branch). A blender (from Chemplex s , #600) was also added in some cases for better binding properties. The reference materials were homogenized and pressed into pellets using SpectroPress s Systems as mentioned above with the same settings: force=30 ton, dwell time=3 min and bleed time=4 min.
Factor analysis (FA)
FA has been applied to the obtained EDXRF data in an attempt to identify sources of street dust. Principal component analysis (PCA) was first applied to determine the number of sources and to establish the provisional factors. The crucial part of the PCA is the transformation of the original sample covariance matrix S (or the correlation matrix) by a rotation of the coordinate system. For a p-variable problem, where s 2 i is the variance of the ith variable x i ; and s ij is the covariance between the ith and the jth variables. A non-zero covariance between two variables indicates a linear relationship between them, the strength of which being represented by the correlation coefficient, r ij ¼ s ij =ðs i s j Þ: A rotation of the coordinate system transforms S to L ¼ U 0 SU; where U is the matrix of direction cosines employed in the transformation. The objective is to find a rotated coordinate system such that all covariances in L become zero. This becomes an eigenvalue problem.
This rotation will transform the p originally correlated variables X 1 ; X 2 ; y; X p into p new uncorrelated indices Z 1 ; Z 2 ; y; Z p : The coordinate axes of these new indices are described by the eigenvectors u i which make up the matrix U: The ith eigenvalue, which is transformed from s 2 i and which is the ith element in the diagonal matrix L; is therefore the variance of Z i :
When one performs a PCA, there is always a hope that the variances of the original variables X are effectively captured by a few Z indices, and that most other Z's will have very low variances and will become negligible. Under such circumstances, the variation in the original data set can be adequately described by those few Z variables (called principal components or PCs) with variances that are not negligible, with the first PC capturing the largest possible variances from the original variables, and the second one capturing the largest possible variances left over by the first one, and so on.
In normal FAs, only PCs with eigenvalues greater than one will be retained, which is called the Kaiser criterion, and these form our provisional factors. A further rotation in the factor space is needed to transform the provisional factors in order to find the new factors that are easier to interpret. Various rotational strategies have been proposed. One commonly used traditional strategy is called the varimax rotation, which will be employed in the present work.
Results and discussion
The concentrations for the 23 elements (in mg/kg) are shown in Table 3 . From Table 1 , we can see that, within the eight sites, Tai Po (TP), Kowloon Tong (KT) and Tai Wai (TW) are the sites with relatively smaller traffic and pedestrian volumes. Interestingly, the concentrations of some chemical elements seem to have relationship with these volumes. For example, the concentrations of Ti, Ba, Cr, Fe, Co, Cu and Pb are low in TW, KT and TP, which might suggest the anthropogenic nature of these elements. On the other hand, the concentrations of Al and Y are high in TW, KT and TP, which suggest that these elements mainly come from natural sources. The dust collected from the car park of City University of Hong Kong (CP) has highest concentrations for the elements Ba, Cu, Zn and Pb among all the samples, which suggests that these elements are likely to originate from vehicles.
A profile for the average street dust for Hong Kong is calculated by taking average values for these eight sites. The concentrations for the 23 elements for this average Hong Kong street dust have also been shown in Table 3 . The source profiles of street dust obtained in previous investigations and for other countries are also shown together with the source profile of the Hong Kong street dust derived in the present work in Table 4 . The values for the Hong Kong street dust are commensurate with the values derived by other workers except that Hong Kong street dust has much higher Cl, Ca and As concentrations. In particular, the abundance of Cl, Ca and As in the average Hong Kong street dust are 2.49%, 19.9% and 0.0067%. The reason behind the exceptionally high concentrations of Cl is not clear, and might be due to organic compounds. The contents of Cu, Zn and Pb have also been determined for street dust in Hong Kong by Li et al. (2001) . The average values obtained in the present work, viz., 110, 3840 and 120 mg/kg for Cu, Zn and Pb, respectively, are consistent with those obtained by Li et al. (2001) , viz., 173, 1450 and 181 mg/kg, respectively.
The PCA for our data gave six PCs with eigenvalues (which are equivalent to the variances of the corresponding PCs, see above) greater than one. In normal FAs, only PCs with eigenvalues greater than one will be retained, which is called the Kaiser criterion. The eigenvalues for the first six PCs are 8.67, 4.61, 3.28, 2.44, 2.10 and 1.50, respectively. The six sources were then obtained through an orthogonal varimax rotation of the six provisional factors, with the factor loadings shown in Table 5 . Although some sources can be inferred from the factor loadings shown in Table 5 , the interpretation will be clearer if we extract fewer sources. In particular, we find that the interpretations will be best if we reduce the number of sources to four, the factor loadings of which are shown in Table 6 . In comparison, De Miguel et al. (1997) also made use of the concentrations of 22 chemical elements of 38 samples to identify three sources for the street dust in Madrid (Spain) and Oslo (Norway).
The first source in Table 6 points to a mixture of metallic dust and crustal material. In particular, stainless steel and alloy steel contain Fe, Cr, Co and/or Cu. It is also noted that Co does not exist in Hong Kong soil (Yu et al., 2002) . Al, Rb and Y characterize crustal material. The negative factor loadings for these elements mean that when there is a significant input of this source to the samples, there are decreased concentrations of Al, Rb and Y, or alternatively, there are increased concentrations of steel metals. In other words, there is an anticorrelation between the steel component and the crustal material component in this factor. The factor loading for As is only À0.51 so the anti-correlation with As is not significant.
The second source involves the elements Ti, Ba, Ni, Cu, Zn and Pb. Again, the factor loading for As is À0.51 so the anti-correlation with As is not significant. This source is clearly due to vehicles. Incidentally, de Miguel et al. (1997) also identified a similar origin as their first source, which involved Ti, Ba, Cu, Zn, Pb, Ca, Co, Mg and Mo (the last two elements were not used in our analyses). This source was referred by de Miguel et al. (1997) as the ''urban factor''.
Ba dispersions are widely used as detergents/dispersants and oxidation and corrosion inhibitors in lubricating oils for diesel and other combustion engines, and as smoke suppressant additives in diesel fuels (De Miguel et al., 1997) . The highly basic Ba dispersions which have been used as smoke suppressant additives contain large amounts (e.g., about 20%) of Ba compounds (De Miguel et al., 1997) . Kowalczyk et al. (1978) analysed 27 chemical elements in total suspended particulate samples collected at four sites in Washington, DC, and identified a source attributed to motor vehicles characterized by Pb, Br and Ba. De Miguel et al. (1997) also commented that the influence of traffic is characterized by Zn and Ba, and to a lesser extent by Cu and Pb. Zn and Ba are highly correlated in the street dust of Oslo and both can be traced back to automobiles (Kowalczyk et al., 1982) .
Exhaust emissions from both gasoline-and dieselfuelled road vehicles contain variable quantities of Cu Table 3 Total element concentrations (mg/kg) in street dust in Hong Kong   MK  TP  CB  C  KT  TW  QB  CP  Mean   Na  3500  2740  4980  3760  3660  6080  3320  4290  40407410  Al  13 900  24 100  16 500  18 000  25 700  23 400  22 000  19 900  20 40071100  Si  158 000  211 000  202 000  237 000  204 000  224 000  213 000  185000  204 00074000   Cl  53 000  7820  29 200  17 200  23 600  29 600  20 000  18 400  24 9007900  Ti  2970  2340  2120  1870  1850  1790  2400  3660  2370750  Ba  299  126  334  189  185  173  210  507 (Pacyna, 1986) . Oxidation of lubricating oils upon exposure to air at high temperatures results in the formation of organic compounds which are corrosive to metal. Cu can be released to the urban environment as a result of wear of the automobile's oil pump or of those metal parts which come into contact with the oil caused by the corrosive action (De Miguel et al., 1997) . Another possible source of Cu particulate comes from the brake pads of vehicles. In relation to these, the associations of the present source with Ni and Ti infer that these elements may come from the steel used in the metal parts. As mentioned above, the influence of traffic is characterized by Zn and Ba, and to a lesser extent by Cu and Pb (De Miguel et al., 1997) . Hien et al. (2001) commented that the road dust is enriched with trafficrelated elements such as Cu.
Zn is used as a vulcanization agent in vehicle tyres and tyre wear has been reported to contribute significantly to Zn in street dust (Friedlander, 1973) . The contribution is expected to be even higher in a high temperature subtropical area like Hong Kong due to the higher tyre wearing rate (Li et al., 2001) . Pb has been the most reliable tracer of traffic pollution in the past. However, due to the shift from leaded to unleaded petrol as fuel for automobiles in recent years, vehicular exhaust particles may no longer be a major source of Pb in the Table 4 Source profiles of street dust (mg/kg or mg/g) as derived in the present work and those in other investigations The third source is likely to be road pavement materials. Ca characterizes the cement dust, while the other elements (except V and Sn) characterizes clay and sand. V is normally regarded as a marker for fuel oil or petroleum burning. However, vanadium salts are naturally present in most clay. Moreover, there have been indications that, in the process of cement manufacturing, some V from the fuel can find its way into the process output materials, clinker and kiln dust. A piece of concrete typical of those used in Hong Kong is shown in Fig. 2 . It can be seen that V does exist in the concrete. The reason behind the presence of Sn is less clear, and its origin needs further exploration. The fourth source is clearly due to the marine aerosols, and some mixture with crustal material.
Conclusions
(1) Street dust associated with different traffic flow have been sampled, and the concentrations of 23 
